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SUMMARY 


A  study  of  torn  surfaces  and  of  the  tips  of  propagating 
tears  in  elastomers  has  been  carried  out  using  scanning  electron 
microscopy.  Vertical  steps  separating  smooth  featureless  torn 
regions  are  characteristic  features  of  the  torn  surfaces.  They 
are  found  to  be  more  frequent  and  larger  in  stronger  elastomers. 
They  are  attributed  to  the  intersection  of  secondary  cracks  at 
the  tear  tip,  displaced  somewhat  from  the  general  tear  plane, 
and  nucleated  by  inherent  stress-raisers.  The  effective  diameter 
of  the  tear  tip  is  thereby  increased.  Stress-raising  features 
are  inferred  to  be  present  in  elastomeric  materials  at  a  typical 
spacing  of  10-100  ym.  In  carbon-black-filled  elastomers,  the 
carbon  particles  themselves  are  found  to  nucleate  secondary 
cracks  profusely. 

INTRODUCTION 

Much  can  be  learned  about  mechanisms  of  failure  by  a  study 
of  fracture  surfaces.  However,  the  torn  surfaces  of  elastomers 
have  received  little  attention  up  to  the  present  time.  Thomas 
has  pointed  out  on  theoretical  grounds  that  the  tear  strength  will 
be  directly  related  to  the  bluntness  of  the  tear  tip,  measured 
by  the  radius  of  curvature  of  an  idealized  tear  tip  in  the  un¬ 
strained  state  (1).  A  rough  torn  surface  is  then  indicative  of 
a  blunt  tear  and  a  smooth  torn  surface  is  indicative  of  a  sharp 
tear.  Indeed,  a  general  correlation  is  found  to  hold  between 
the  measured  tear  strength  and  the  observed  roughness  of  the  torn 


surface,  on  a  scale  of  0.1  to  1  mm  (2,  3).  Roughness  on  a 
still  larger  scale  has  been  observed  under  certain  conditions 
of  tearing  in  rubber  reinforced  with  carbon  black,  the  tear 
curving  away  from  the  original  plane  of  propagation  to  such 
a  degree  that  it  stops  altogether  and  a  new  tear  tip  must 
form  (2,  3).  This  discontinuous,  so  called  "knotty",  tearing 
leaves  relatively  smooth  torn  surfaces  between  the  "knots". 

The  tear  force  also  oscillates  between  high  values  at  the  arrest 
points  and  low  values  in  the  smoothly-propagating  regions. 

A  minimum  or  threshold  strength  of  elastomers  is  observed 
at  high  temperatures  and  low  rates  of  tearing,  when  the  torn 
surfaces  are  relatively  smooth  (4-6) .  Moreover,  this  threshold 
strength,  of  the  order  of  50  J/m2,  is  in  reasonably  good  accord 
with  a  simple  molecular  theory  in  which  the  tear  tip  diameter 
is  given  its  minimum  possible  size,  about  10  nm,  corresponding 
to  the  distance  between  the  ends  of  macromolecular  strands  in  the 
molecular  network  comprising  the  crosslinked  elastomer  (7). 

Thus,  there  is  substantial  evidence  for  a  general  relation¬ 
ship  between  the  tear  strength  of  rubber  and  the  roughness  of  the 
torn  surface.  In  contrast  to  this  viewpoint  however,  Fukahori 
and  Andrews  have  recently  suggested  that  an  inverse  correlation 
holds  (8) .  They  propose  that  both  properties  are  related  to 
the  mechanical  hysteresis  of  the  material,  the  tear  strength  by 
a  direct  relationship,  as  is  widely-accepted  (9-11) ,  and  the 
surface  roughness  by  an  inverse  relationship.  They  attribute 
surface  roughness  to  the  formation  of  secondary  cracks  ahead  of 


the  main  tear  front,  as  proposed  by  Smekal  (12)  and  suggest 
that  the  size  of  the  zone  in  which  secondary  cracking  takes 
place  is  a  decreasing  function  of  the  degree  of  mechanical 
hysteresis . 

Small-scale  surface  irregularities  of  some  complexity 
are  found  on  the  fracture  surfaces  of  torn  elastomers  (13-15). 
There  is  clearly  a  need  for  a  detailed  study  of  these  features 
of  the  tear  process,  and  of  the  relationship  between  surface 
roughness  and  the  observed  strength.  Fracture  surfaces  of 
some  representative  elastomers  torn  under  various  conditions 
have  therefore  been  examined  by  scanning  electron  microscopy. 

In  addition,  the  tip  of  a  propagating  tear  has  been  studied 
using  a  technique  devised  by  Bascom  (13) .  These  observations 
are  described  here  and  accounted  for  by  means  of  a  simple  micro¬ 
mechanical  model  of  local  tear  processes. 

EXPERIMENTAL 

Sheets  of  rubber,  about  1.5  mm  thick,  were  made  using  the 
mix  formulations  and  vulcanization  conditions  given  in  the 
Appendix.  Sample  strips,  about  7.5  mm  wide  and  25  mm  long,  were 
cut  from  the  sheets.  Each  strip  was  cut  about  half-way  through 
along  a  center  line  by  scoring  it  with  a  sharp  blade.  It  was 
then  bent  back  with  the  cut  surface  outwards  so  that  tearing 
took  place  at  the  tip  of  the  cut  at  a  rate  governed  by  the  bend¬ 
ing  stresses  developed  there,  Figure  1.  Somewhat  similar  rates 
of  tearing,  between  0.5  and  2  mm/s,  were  employed  with  elastomers 


of  widely  differing  tear  strength  by  varying  the  degree  of 
bending.  The  torn  surfaces  were  then  gold-coated  in  a  vacuum 
evaporator  and  examined  by  scanning  electron  microscopy. 

An  alternative  procedure,  described  by  Bascom  (13),  was 
employed  to  study  the  tear  tip  itself.  In  this  case  the  scored 
strip  was  bent  back  over  a  metal  plate  and  tied  in  the  bent 
state  with  wire.  As  the  tear  propagated  from  the  initial  cut 
it  ran  into  regions  of  lower  stress  and  eventually  stopped. 

The  sample  was  gold-coated  at  this  point  and  examined  in  the 
bent  state. 

Some  samples  were  swollen  with  paraffin  oil  and  torn  in 
the  swollen  state.  The  paraffin  oil  was  then  extracted  from 
the  sample  with  acetone  before  microscopy. 

NATURE  OF  THE  TEAR  PROCESS 

All  unfilled  elastomers  appeared  to  tear  in  the  same  way. 
This  process  is  illustrated  here  in  the  simplest  case,  a  non¬ 
crystallizing  mixed-isomer  polybutadiene  (Diene  35  NFA,  Firestone 
Tire  and  Rubber  Company)  crosslinked  with  a  free-radical  source, 
dicumyl  peroxide  (formulation  A  in  the  Appendix) . 

The  tear  tip  is  shown  in  Figure  2.  Characteristic  webs, 
or  strands,  of  rubber  are  seen  to  stretch  across  the  tear  tip 
(vertically  in  Figure  2) .  When  rubber  is  torn,  such  webs  or 
strands  can  often  be  seen  with  a  low-power  microscope  or  even 
with  the  unaided  eye;  they  are  apparently  a  common  feature  of 
the  tear  process.  They  have  been  attributed  to  cavitation  taking 
place  ahead  of  the  tear  tip,  creating  strands  of  rubber  between 
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the  cavities  or  vacuoles  (16).  However,  detailed  inspection 
of  the  tear  tip  reveals  that  the  rubber  strands  are  not  isolated 
from  the  underlying  material;  instead,  they  constitute  the  edges 
of  vertically-disposed  subsidiary  tears  that  can  be  traced  right 
across  the  main  tear  tip  into  the  torn  surfaces  on  either  side. 
These  edges  or  webs  of  rubber  relax  as  the  main  tear  passes  on, 
to  form  matching  cross-hatched  patterns  on  both  of  the  torn 
surfaces.  Figure  2.  The  patterns  reveal  that  the  vertical  tears 
have  propagated  for  considerable  distances  at  an  angle  of  about 
45°  (in  the  unstrained  state)  to  the  direction  of  advance  of 
the  main  tear. 

On  either  side  of  a  vertical  tear  the  main  tear  plane  was 
found  to  be  displaced  vertically  by  2-10  ym,  causing  a  step  in 
an  otherwise  remarkably  featureless  fracture  surface.  Figure  3. 

The  shape  of  the  steps  is  shown  schematically  in  Figure  4.  Each 
step  is  associated  with  one  of  the  webs  observed  crossing  the 
fracture  plane  in  the  stretched  state.  At  intervals  a  new  step 
is  formed,  splitting  the  main  tear  plane  again  into  two  different 
levels,  displaced  vertically. 

Frequent  irregularities  can  be  seen  on  each  propagating 
step  in  Figure  3.  They  appear  to  be  momentary  arrest  points 
where  a  new  step  or  web  was  about  to  form.  Indeed,  the  average 
distance  between  these  irregular  features  along  a  step  was  found 
to  be  approximately  the  same  as  the  average  distance  d  between 
steps,  measured  in  a  direction  normal  to  the  steps  themselves, 
suggesting  that  the  same  factors  govern  both  phenomena.  Both 
probably  arise  from  some  local  perturbation  of  stress  or  strength. 
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Tearing  processes  in  other  elastomers  were  found  to  be 
basically  similar  to  those  observed  in  polybutadiene.  Their 
fracture  surfaces  were  more  complicated,  however,  showing  a 
more  pronounced  deviation  of  the  vertical  steps  from  a  linear 
path  and  much  greater  step  heights,  Figure  5.  Nevertheless,  a 
number  of  different  elastomeric  materials;  polybutadiene ,  cross- 
linked  with  either  dicumyl  peroxide  or  sulfur  formulations,  and 
a  styrene-butadiene  copolymer  (SBR)  and  an  ethylene-propylene- 
diene  terpolymer  (EPDM) ,  crosslinked  with  sulfur  formulations; 
all  gave  fracture  surfaces  having  a  characteristic  step  spacing 
d  of  about  25  ym  and  a  propagation  angle  8_  of  25-45°  with  respect 
to  the  direction  of  propagation  of  the  tear  front. 

This  mode  of  fracture  appears  to  be  characteristic  of 
rubber.  Yet  it  is  unexpectedly  complex,  and  raises  several 
questions.  Why  does  secondary  tearing  occur  at  all?  One  might 
expect  the  main  tear  to  advance  smoothly,  without  forming  edges 
or  webs  at  right  angles  to  the  main  tear  plane.  And  why  is  the 
main  tear  plane  displaced  vertically,  by  about  5  ym  in  Figure  3, 
on  either  side  of  a  secondary  tear?  Why  do  secondary  tears  pro¬ 
pagate  at  an  angle  of  about  ±45°  to  the  direction  of  advance  of 
the  main  tear,  creating  typical  diamond  patterns  on  the  torn 
surfaces.  Figure  2?  What  factors  govern  the  separation  of  secon¬ 
dary  tears  and  hence  the  scale  of  the  diamond  pattern? 

In  an  attempt  to  answer  these  questions  a  further  series 
of  observations  were  made.  They  are  described  in  the  remainder 
of  the  paper,  together  with  some  proposed  micromechanical  factors 
which  account  for  the  main  effects. 


RELATION  BETWEEN  TEAR  STRENGTH  AND  MORPHOLOGICAL  FEATURES 
OF  THE  FRACTURE  SURFACE 

The  strength  of  polybutadiene  materials  was  altered  in 
three  ways:  by  increasing  the  degree  of  crosslinking,  by  raising 
the  test  temperature,  and  by  swelling  the  elastomer  with  light 
paraffin  oil.  Each  of  these  changes  is  known  to  reduce  the 
resistance  to  tearing. 

Measured  values  of  the  step  spacing  d  and  step  angle  _0 
are  given  in  Table  1.  They  show  clearly  that  the  steps  are 
more  widely  spaced  in  weaker  materials,  and  propagate  at  a  some¬ 
what  greater  angle  to  the  tear  direction.  Thus,  an  inverse  cor¬ 
relation  appears  to  hold  between  the  resistance  to  tearing  of 
an  elastomeric  material  and  the  distance  apart  of  steps  on  the 
fracture  surface.  Stronger  materials  show  more  closely-spaced 
steps  whereas  weaker  materials  show  smooth  torn  areas,  extending 
over  large  distances,  with  no  distinct  features  greater  than 
about  0.1  ym  in  size. 

However,  this  general  correlation  does  not  appear  to  apply 
to  strain-crystallizing  elastomers,  such  as  natural  rubber,  which 
are  much  more  resistant  to  tearing  than  the  wholly-amorphous 
elastomers  considered  so  far.  The  step  spacing  for  a  natural 
rubber  vulcanizate  was  found  to  be  quite  comparable  in  size  to 
that  for  amorphous  materials,  ranging  from  10  to  100  ym,  even 
though  its  tear  resistance  is  much  greater. 

Another  feature  shown  by  tear-resistant  materials  is  a 
greater  height  of  the  steps  on  fracture  surfaces,  so  that  the 
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tear  plane  propagates  on  levels  separated  by  considerable 
distances.  Clearly,  a  propagating  tear  tip  is  rendered  effec¬ 
tively  less  sharp  both  by  closely-spaced  steps  and  by  larger 
step  heights.  Both  features  appear  to  be  present  in  stronger 
elastomers  and  cause  an  effective  blunting  of  the  tear  tip  on 
a  microscopic  scale.  We  now  consider  how  the  micro-mechanics 
of  tearing  leads  to  these  morphological  feature 

PROPOSED  MECHANISM  FOR  STEP  AND  WEB  FORMATION 

Uniform  advance  of  a  smooth  tear  along  a  o'  ad  front  is 
intrinsically  unlikely.  Instead,  small  secondary  cracks  will 
develop  at  the  tear  tip,  at  points  where  the  local  stress  is 
unusually  high.  If  the  material  is  highly-stretched  at  the 
tear  tip,  these  secondary  cracks  will  not  be  co-linear,  in  gen¬ 
eral,  but  will  be  separated  somewhat  in  the  vertical  (strain) 
direction.  Figure  6a.  Then,  as  they  grow  in  size,  they  will 
eventually  link  up  by  the  deviation  of  one  or  both  of  them,  as 
shown  schematically  in  Figure  6b  under  the  influence  of  the 
complex  stress  field  set  up  where  they  come  into  proximity. 

This  hypothesis  accounts  successfully  for  the  formation 
of  steps  of  the  characteristic  shape  observed  on  fracture  sur¬ 
faces,  shown  schematically  at  point  E  in  Figure  6b,  and  also 
for  the  appearance  of  webs  in  the  stretched  state,  as  sketched 
in  Figure  6c.  It  also  suggests  that  steps  will  be  more  numerous 
when  there  is  a  greater  density  of  stress-raising  features  within 
the  elastomer  and  that  the  average  step  height  will  be  greater 


when  the  fracture  stress  set  up  at  the  crack  tip  is  more  diffuse. 

A  more  diffuse  stress  distribution  would  be  expected  in  highly- 
elastic  materials  and  also,  one  notes,  in  materials  which  have 
already  undergone  some  secondary  cracking.  Thus,  the  process  of 
step  formation  will  be  to  some  extent  autocatalytic .  This  feature 
was  noted  in  tearing  experiments  with  weak  elastomers:  when  a 
step  formed  at  the  tear  tip  it  appeared  to  cause  others  to  form 
and  grow,  in  a  cascade  fashion,  as  the  tear  advanced. 

It  is  also  noteworthy  that  the  average  distance  between 
steps  in  a  fully-developed  tear  surface,  in  the  range  10-100  pm, 
is  similar  in  magnitude  to  the  inferred  size  of  natural  flaws 
or  defects  in  elastomers,  from  which  tensile  or  mechanical  fatigue 
failures  originate  (17).  If  stress-concentrating  features  are 
commonly  present  in  elastomers  at  a  general  spacing  of  10-100  ym, 
then  cracks  or  defects  of  this  size  would  also  be  expected. 

Although  the  considerations  put  forward  above  appear  to 
account  successfully  for  the  formation  of  characteristic  steps 
on  the  torn  surfaces  of  elastomers,  they  do  not  explain  their 
propagation  for  long  distances  at  an  angle  to  the  main  direction 
of  tear  advance.  However,  substantial  stresses  act  across  the 
tear  plane  because  material  at  the  tear  tip  is  subjected  to  a 
pure  shear  deformation  rather  than  to  simple  extension.  Also, 
the  resistance  to  tearing  apart  by  stresses  acting  across  the 
tear  plane  is  much  reduced  for  materials  that  are  highly  stretched 
by  the  principal  tearing  stress  (18)  .  Thus,  there  will  be  a 
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tendency  for  vertical  tears  to  propagate  readily.  Their  direc¬ 
tion  will  be  influenced  by  the  anisotropy  of  the  stress  field 
where  two  cracks  meet,  as  shown  in  Figure  6b,  but  a  detailed 
stress  analysis  seems  necessary  to  account  for  the  observed 
angles . 

TEAR  OF  CARBON-BLACK-FILLED  ELASTOMERS 

Elastomers  are  commonly  reinforced  by  the  incorporation 
of  large  amounts  of  finely-divided  particulate  fillers,  notably 
carbon  black.  The  mechanism  of  reinforcement  is  still  obscure, 
however.  A  photograph  of  the  tear  tip  in  a  carbon-black-filled 
polybutadiene  vulcanizate  (Formulation  C  in  the  Appendix)  is 
shown  in  Figure  7.  Many  solid  particles,  about  H  ym  in  diameter, 
are  visible  at  the  tear  tip  and  in  the  torn  surfaces.  Although 
white  in  this  photograph  they  are  assumed  to  be  carbon  black 
particles  (aggregates  of  individual  particles)  for  several  reasons 
they  are  of  the  reported  size  for  this  particular  type  of  carbon 
black  (N330);  when  a  different  formulation  was  studied  containing 
a  carbon  black  of  larger  particle  size  (N765),  then  the  particles 
observed  on  the  torn  surface  were  correspondingly  larger,  about 
1  ym  in  diameter;  and  when  a  smaller  amount  of  carbon  black  was 
incorporated  into  the  elastomer,  the  number  of  particles  visible 
on  the  fracture  surface  was  correspondingly  reduced. 

The  tear  tip  is  seen  to  be  split  by  numerous  vertical  tears. 
Careful  inspection  shows  that  each  tear  is  associated  with  a 
carbon  black  particle.  Thus,  each  particle  appears  to  have  acted 
as  a  local  stress-raiser  and  provided  a  potential  nucleus  for 


a  secondary  crack.  The  reinforcing  action  of  carbon  black 
thus  appears  to  consiL  ..  paradoxically,  of  inducing  many 
small  tears  to  form  in  the  highly-strained  material  at  the 
tear  tip,  and  in  this  way  to  blunt  the  effective  tip  diameter 
(19)  . 

The  particle  size  is  extremely  important  for  this  rein¬ 
forcement  mechanism  to  operate.  If  the  particles  are  much 
smaller  than  1  ym,  say,  then  detachment  or  tearing  in  their 
vicinity  becomes  improbable  because  the  stresses  required  become 
extremely  large  (20,  21).  On  the  other  hand,  when  the  particles 
are  much  larger  than  about  1  um,  then  they  do  not  confer  signi¬ 
ficant  advantages  because  unfilled  elastomers  appear  to  have 
inherent  stress-raising  defects  at  spacings  of  10-100  ym,  as 
discussed  earlier. 

The  characteristic  marked  deviation  of  a  tear  in  reinforced 
elastomers  from  a  linear  path  under  some  circumstances,  so  that 
the  effective  tip  diameter  becomes  several  mm  and  a  new  tear 
must  form  ("knotty",  or  "stick-slip"  tearing)  is  not  accounted 
for  by  the  micromechanical  considerations  discussed  above.  They 
apply  to  relatively  smooth  tearing  of  filled  materials,  for 
example,  when  the  tear  progresses  for  relatively  short  distances, 
or  when  tearing  takes  place  at  high  speeds  or  at  high  temperatures 
and  the  filled  material  is  some  three  times  more  tear  resistant 
than  the  corresponding  unfilled  materials  (3,  22).  Knotty  tear¬ 
ing  when  the  tear  resistance  becomes  as  much  as  ten  times  greater, 
is  still  unexplained. 


CONCLUSIONS 


There  seems  to  be  a  natural  tendency  for  tears  in 
rubber  to  deviate  from  a  straight  path.  Complicated  fracture 
surfaces  are  formed  with  pronounced  splitting  in  a  direction 
perpendicular  to  the  main  tear  plane.  The  splitting  is  more 
frequent  in  stronger  materials  and  runs  for  longer  distances 
so  that  the  effective  diameter  of  the  tear  tip  is  greatly 
enlarged  in  comparison  with  a  single  sharp  tear.  A  tentative 
mechanism  to  account  for  this  splitting,  and  for  the  character¬ 
istic  steps  that  it  gives  rise  to  on  torn  surfaces,  has  been 
proposed  in  terms  of  a  natural  distribution  of  local  stress¬ 
raising  features  at  a  spacing  of  the  order  of  10-100  ym.  The 
nature  of  these  stress-concentrating  features  is  unknown.  How¬ 
ever,  the  enormously  increased  density  of  splitting  in  carbon- 
black-filled  rubber  is  attributed  to  nucleation  by  carbon  black 
particles  of  similar  secondary  cracks. 

The  proposed  mechanism  of  vertical  splitting  of  the  main 
tear  as  a  result  of  the  joining  up  of  secondary  tears  within 
the  main  tear  front.  Figure  6,  must  be  clearly  distinguished 
from  that  discussed  by  Fukahori  and  Andrews  (8),  following 
Smekal  (12) .  They  consider  the  main  tear  to  link  up  with  secon 
dary  cracks  located  ahead  of  it.  No  evidence  was  found  for  thi 
process  in  the  torn  surfaces  studied  here. 
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APPENDIX 


The  following  mix  formulations  in  parts  by  weight  and 
vulcanization  conditions  were  employed  for  preparing  test 
specimens . 

A:  Polybutadiene  (Diene  35  NFA,  Firestone  Tire  and 

Rubber  Company),  100;  dicumyl  peroxide,  0.05. 

Heated  for  120  min  at  150°C. 

B:  Polybutadiene,  100;  dicumyl  peroxide,  0.2. 

Heated  for  120  min  at  150°C. 

C:  Polybutadiene,  100;  N330  carbon  black  (Vulcan  3, 

Cabot  Corporation),  50;  zinc  oxide,  3.5;  stearic  acid 
2.5;  Philrich  HA5 ,  5;  phenyl-2-naphthylamine ,  1; 
Santocure  MOR,  0.6;  sulfur,  2.  Heated  for  60  min 


at  150°C. 


Table  1: 

Morphological  Features  of  Torn 

Surfaces 

of 

Polybutadiene  Materials,  in 

Order 

of 

Decreasing  Strength 

Formulation 

Temperature 

d 

0 

(°C) 

(um) 

(degrees) 

A(0.05%  dicumyl 
peroxide ) 

-20 

15 

25 

25 

30 

30 

90 

50 

35 

B  (0 . 2%  dicumyl 
peroxide ) 

25 

100 

45 

A,  swollen  with 
paraffin  oil, 
160  per  cent 
by  volume 

25 

240 

40 

Figure  1.  Testpieces  employed  for  SEM  studies 


II 


Figure  5.  Torn  surface  of  a  sulfur-vulcanized  polybutadiene  material. 
Direction  of  tearing  is  shown  by  the  arrow. 
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